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Abstract—Electron device modeling is a challenging task at mil-
limeter-wave frequencies. In particular, conventional approaches
based on lumped equivalent circuits become inappropriate to
describe complex distributed and coupling effects, which may
strongly affect the transistor performance. In this paper, an
empirical distributed FET model is adopted that can be identified
on the basis of conventional -parameter measurements and elec-
tromagnetic simulations of the device layout. The consistency of
the proposed approach is confirmed by robust scaling properties,
which enable millimeter-wave small-signal -parameters to be
predicted as a function of the device periphery and number of
gate fingers. Moreover, it is shown how the model identified on
the basis of standard -parameter measurements up to 50 GHz
can be efficiently exploited in order to obtain reasonably accurate
small-signal prediction up to 110 GHz. Extensive experimental
validation is presented for 0.2- m pseudomorphic high elec-
tron-mobility transistors devices.
Index Terms—Computer-aided engineering, electromagnetic
simulation, global modeling, millimeter-wave FETs, MODFET,
semiconductor device modeling.
I. INTRODUCTION
I NCREASING operating frequencies in many applicationsof the communication area require accurate computer-aided
design (CAD) tools for monolithic-microwave integrated-cir-
cuit (MMIC) design in order to face off demanding low-cost
constraints [1]. In this context, accurate electron device models
up to millimeter-wave frequencies play a key role; in spite
of this, conventional modeling approaches, based on lumped
equivalent circuits, become inappropriate at very high frequen-
cies where complex distributed and coupling effects strongly
affect the transistor performance [2], [3].
Over the last years, a progress in numerical device simulation
and the development of electromagnetic analysis tools [4]–[6],
together with the availability of powerful workstations, have led
to modeling approaches aiming to a consistent numerical solu-
tion of the electromagnetic and electron transport problems. Al-
though these models are potentially accurate, they are still in
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a preliminary phase and their application to practical problems
such as circuit analysis, design, and optimization may be diffi-
cult, also taking into account their computational cost [7]–[12].
On the other hand, there is an increasing demand for comprehen-
sive and effective analysis/design tools able to consider simul-
taneously (i.e., “global modeling” [13]–[20]) all the interacting
circuit elements, active and passive devices, radiation elements,
and packaging influence.
A circuit-design-oriented family of distributed models for
electron devices has recently appeared in the literature. They
are based on the common idea of an extrinsic passive network
feeding a cascade of elementary active devices [20]–[28]. In
comparison with other approaches, the empirical model pre-
sented in [20] adopts a distributed description both for the active
device area and extrinsic structure. In particular, according
to this FET modeling approach, the active area is partitioned
into a convenient number of “internal elementary devices” (or
“active slices”) fed by a “passive distributed structure.” This
one is characterized in terms of scattering parameters by means
of an accurate electromagnetic simulation of the device layout.
This kind of analysis enables the actual device geometry and
material stratification, as well as losses in the dielectrics and
metallizations, to be taken into account for any given device
structure and size by means of a multiport -matrix distributed
description. Therefore, on the basis of -parameters measured
for a limited number of different devices, a characterization of
the intrinsic slices associated with the active phenomena can
be easily obtained.
In [20], the empirical distributed model was adopted in order
to predict, as a function of the device periphery and number
of gate fingers, small-signal -parameters (up to 50 GHz)
for GaAs MESFETs. In particular, preliminary experimental
results have confirmed the consistency of the model pointing
out useful robust scaling properties, which enable transistor
geometric parameters to be considered as circuit design
variables. In this paper, an extensive and more significative
validation of the model up to very high frequencies (110 GHz)
is presented for 0.2- m pseudomorphic high electron-mobility
transistor (pHEMT) devices. Besides scaling results, a new
frequency extrapolation approach, suitable for small-signal
performance prediction at frequencies much higher than those
considered in model identification, is also presented. More
precisely, it is shown how small-signal -parameters can be
predicted with reasonable accuracy up to 110 GHz using a
model identified only on the basis of 50-GHz measurements.
This, besides confirming the consistency and accuracy of the
proposed empirical model, enable millimeter-wave device
0018–9480/02$17.00 © 2002 IEEE
426 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 2, FEBRUARY 2002
Fig. 1. Structure of the distributed model.
characterization to be performed on the basis of “relatively
standard” (50 GHz) network analyzers.
The paper is organized as follows. In Section II, the empirical
distributed model and its identification procedure are shortly re-
called. In Section III, considerations on the number of active
slices required in the distributed model for millimeter-wave ap-
plications are provided. Finally, Section IV describes the fre-
quency extrapolation approach proposed. Experimental results
for several Philips 0.2- m pHEMT structures, differing in terms
of gatewidth and number of gate fingers, are provided both for
scaling properties and frequency extrapolation in Sections III
and IV, respectively.
II. EMPIRICAL DISTRIBUTED MODEL
The schematic structure of the model is shown in Fig. 1,
where, for simplicity and without loss of generality, a two-finger
device has been considered. In particular, the model consists of
a “passive distributed network” to which “active slices” are
interconnected [20]. The passive structure is characterized by
means of its scattering matrix , which is computed by using
electromagnetic simulation on the basis of layout geometry and
material parameters. The matrix , according to Fig. 1, relates
the reflected waves to the incident ones as
(1)
where and are three-dimensional vectors of the incident
and reflected waves at the interconnection with the th active
slice.
Basically, model identification may be seen as a deembedding
procedure leading to the evaluation of the scattering matrices
associated with the active slices starting from the knowledge of
measured -parameters of the electron device; in particular, the
important assumption1 is made that all the active slices are char-
acterized by the same three-port scattering matrix , being
according to Fig. 1.
By denoting with the scattering matrix obtained from ,
once the rows and columns that are linearly dependent due to the
symmetry of the device structure2 have been eliminated, it can
1This assumption is quite reasonable since all the electromagnetic effects as-
sociated with signal propagation and distribution are accounted for by the pas-
sive structure.
2A symmetric structure is very common in all high-frequency devices.
be shown that the following homogeneous system of equations
can be written:
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where is the number of active slices included within each
“half device.”
In (2), the generic element having position within the
matrices is defined as
(3)
with
(4)
being the measured 2 2 scattering matrix of the electron
device and being a identity matrix.
The unknown quantities in (2) are represented by the active
slice matrix and the vectors . Since we are concerned
with the computation of , the waves can be eliminated by
proper algebraic manipulations. In the general case, this results
in a nonlinear system of equations whose complexity depends
on the number of active slices. In the most simple case of
, performing matrix arrangements, the solution of (2)
leads to
(5)
The formulation of the problems for the case and is
more cumbersome and is given in the Appendix.
It must be pointed out that, in any case, model identification
(i.e., the computation of ) does not require either optimiza-
tion or parameter fitting.
The validity of the approach above described is confirmed
by the consistency of the distributed model with a simple linear
scaling rule. In particular, as experimentally verified in [20], the
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TABLE I
MAGNITUDE OF THE SCALING FUNCTIONS Y^ AND C  K VERSUS FREQUENCY AND ACTIVE SLICE NUMBER PER FINGER FOR TWO-FINGER PML pHEMTS
BIASED AT V = 3 V AND I = I
admittance3 matrix of the elementary device can be properly
scaled according to the following rule:
(6)
where is the active slice width and are suitable
width-independent “scaling functions.” More precisely,
is an admittance matrix per unit of gatewidth, while rep-
resents a fraction of the active slice admittance matrix, which
accounts for nonideal border-like effects due to the actual device
geometry [20]. Once the functions and have been
evaluated, on the basis of the admittance matrix identified
for at least two devices having different gatewidths, the linear
rule (6) can be used to obtain the equivalent admittance matrix
associated with an active slice as a function of its width. The
characterization obtained in this way for the active slice in con-
junction with electromagnetic simulation of the device layout
was successfully used in [20] to predict small-signal scattering
parameters up to 50 GHz for MESFET devices having different
geometries.
III. MILLIMETER-WAVE FET MODELING
Numerical analysis of the signal propagation along the mi-
crowave FET electrodes (see, for example, [9]), shows that three
fundamental propagation modes are supported. They are gov-
erned both by the dielectric/metallization characteristics and by
the “active” behavior of the semiconductor beneath the gate;
in particular, conditions of slow-wave-like properties [9] can
be found. Cases of study demonstrate possible values of the
phase constant around 10 m and attenuation constant around
50 dB/mm at 100 GHz, for mS/mm. For those
values, the gatewidth of practical FET structures can be con-
sidered short with respect to the wavelength (i.e., ) sug-
gesting that a model structure based on just one active slice per
device finger should be reasonable for performance prediction
up to relatively high frequencies.
The above considerations are coherent with the experimental
results presented in [20], where a distributed model based on
a single active slice per finger has been successfully adopted
for the prediction of small-signal -parameters of different
MESFET structures in the microwave frequency range up to
50 GHz. However, in state-of-the-art pHEMTs, geometries,
materials, and electric characteristics are strongly different
3The admittance formulation can easily be obtained by applying well-known
transformation formulas to the scattering matrix  .
from those considered in [9] and similar numerical analyses
of the signal propagation properties are not available in the
literature. Consequently, in the perspective of millimeter-wave
device modeling up to frequencies on the order of 100 GHz
and more, it is worth wondering whether a single active slice
per finger still allows for accurate performance prediction. To
this aim, the model identification process described above has
been repeated varying the number of active slices per finger
and comparing the corresponding scaling functions.
In particular, different structures of Philips 0.2- m GaAs
pHEMT devices were considered to validate the modeling ap-
proach. More precisely, the scattering matrices of the extrinsic
passive structures were computed using the planar three-dimen-
sional (3-D) “em” Sonnet electromagnetic simulator4 and the
scattering parameters of the electron devices were measured
directly on-wafer up to a frequency of 110 GHz. The matrices
and in (6) were evaluated for a number of
active slices per finger ranging from 1 to 4, on the basis of a
linear regression applied to a set of device structures covering
a wide range of gatewidths instead of using the minimum set
of two different devices. In particular, model identification was
carried out using four different pHEMT structures, namely,
2 15 m, 2 30 m, 2 60 m, and 2 120 m. If
an insufficient number of active slices per gate finger were
considered in this phase, part of the parasitic effects, taken
into account by the electromagnetic simulation of the device
metallizations, could affect the extracted active slice models
(or, similarly, ). In such conditions, the linear scaling
rule (6), which is physically consistent only with the active area
of the device, should have a very limited accuracy.
In Table I, the magnitude of the per-unit-gatewidth and
parameters5 are reported for some frequency values up
to 110 GHz and for different values of . As can be seen, the
scaling elements do not seem to exhibit significant variations
versus the values, apart from small deviations at the highest
measurement frequency, probably due to more relevant network
analyzer calibration errors. Similar results have been obtained
for the other matrix coefficients, for a number of different de-
vices, and for different bias conditions.
It can be concluded that the scaling rules evaluated for
different are substantially equivalent; therefore, the choice
of a single active slice per gate finger still represents a rea-
4em, Sonnet Software Inc., Liverpool, NY.
5The parameterC has been multiplied by the corresponding number of cells
to allow a direct comparison.
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Fig. 2. Measured (symbols) and predicted through scaling (lines)
Y -parameters for a PML 6  30 m GaAs pHEMT biased at Id =
Idss; V ds = 3 V. (a) Y 11. (b) Y 12. (c) Y 21. (d) Y 22.
Fig. 3. Measured (symbols) and predicted through scaling (lines)
Y -parameters for a PML 4  75 m GaAs pHEMT biased at Id =
Idss; V ds = 3 V. (a) Y 11. (b) Y 12. (c) Y 21. (d) Y 22.
sonable choice (giving also a good tradeoff between accuracy
and complexity) for the modeling of FET devices also at
millimeter-wave frequencies. For this reason, the experimental
results in the following are provided for the case .
In order to test the actual predictive capabilities and physical
consistency of the proposed scaling approach up to mil-
limeter-wave frequencies, the distributed model was adopted
to predict the small-signal performance of several 0.2- m
Philips Microwave Limeil (PML) GaAs pHEMTs [29], having
a different number of gate fingers and gatewidths. In particular,
the scaling functions in (6) were identified starting from the
2 15 m, 2 60 m, 2 120 m, and 4 30 m devices
and then used to predict the performance of devices having
different geometries. For instance, Figs. 2 and 3 show the
comparison between the measured admittance parameters
and the corresponding predicted values for a 6 30 m and
4 75 m device in the bias point V and V,
while in Fig. 4, the same comparison for a 2 30 m device
is reported for the almost pinched-off condition V
and V. The reasonably good agreement confirms
Fig. 4. Measured (symbols) and predicted through scaling (lines)
Y -parameters for a PML 2  30 m GaAs pHEMT biased at V gs =  1 V,
V ds = 3 V. (a) Y 11. (b) Y 12. (c) Y 21. (d) Y 22.
Fig. 5. Measured admittance Y 21 per unit of gatewidth (symbols) for a PML
2  30 m GaAs pHEMT biased at Id = Idss; V ds = 3 V. Continuous
lines represent the corresponding extracted admittance parameter Y of the
internal elementary devices.
the robustness and consistency of the proposed approach up
to millimeter-wave frequencies even when a simple linear
regression is adopted for model scaling.
IV. FREQUENCY EXTRAPOLATION OF THE
MODELING APPROACH
In Fig. 5, the measured admittance parameter (per unit
of gatewidth) is shown versus frequency up to 110 GHz for a
PML 2 30 m pHEMT biased at V.
In this figure, the corresponding extracted admittance param-
eter of the internal elementary devices, obtained consid-
ering a single active slice per finger, is also drawn. It is possible
to observe the resonant-like behavior of the measured admit-
tance parameter in comparison with the quite regular, smooth,
and almost linear shape of the internal elementary device ad-
mittance. Very similar results are also obtained for the other ad-
mittance matrix elements and for a great variety of bias con-
ditions. This is not surprising since extrinsic parasitic effects
cause very often such a kind of resonance in most devices ob-
served in the -domain, while the regular frequency behavior
of the internal active slice admittance is consistent with physical
hypothesis of short memory conditions, which usually hold for
CIDRONALI et al.: MILLIMETER-WAVE FET MODELING USING ON-WAFER MEASUREMENTS AND EM SIMULATION 429
Fig. 6. Measured (symbols) and predicted through frequency extrapolation
above 50-GHz (lines) admittance parameters for a PML 6  30 m GaAs
pHEMT at Id = Idss; V ds = 3 V. (a) Y 11. (b) Y 12. (c) Y 21. (d) Y 22.
Fig. 7. Measured (symbols) and predicted through frequency extrapolation
above 50-GHz (lines) admittance parameters for a PML 2  120 m GaAs
pHEMT at Id = Idss; V ds = 3 V. (a) Y 11. (b) Y 12. (c) Y 21. (d) Y 22.
the “intrinsic part” of microwave and millimeter-wave devices
[30]–[34]. Thus, direct frequency extrapolation of measured de-
vice scattering or admittance parameters would lead to very in-
accurate prediction results. On the contrary, the almost linear be-
havior of the internal elementary device admittance suggests an
alternative way in performing reliable frequency extrapolation.
In fact, these internal admittance coefficients can be suitably ap-
proximated and extrapolated by means of low-order polynomial
expressions, easily identifiable on the basis of least-square min-
imization algorithms in the frequency range used in device char-
acterization [35]. Moreover, the frequency-extrapolated polyno-
mial expression of the internal elementary devices can be used
in conjunction with the distributed description of the extrinsic
passive structure in order to predict the small-signal device be-
havior at frequencies higher than those used in the identification
measurements. To this aim, electromagnetic simulations must
be obviously performed up to the highest frequency of interest.
Fig. 8. Measured (symbols) and predicted through frequency extrapolation
above 50-GHz (lines) admittance parameters for a PML 4  30 m
GaAs-pHEMT at V gs =  1 V, V ds = 3 V. (a) Y 11. (b) Y 12. (c) Y 21.
(d) Y 22.
The proposed frequency extrapolation procedure has been
experimentally verified using Philips pHEMT devices. In
particular, the -parameters of devices having different ge-
ometry, directly measured on wafer up to 110 GHz by using
an HP8510XF network analyzer, were compared with the
corresponding predictions obtained by means of the procedure
above outlined. In order to achieve these results, the scattering
matrix of the extrinsic device passive structure was “initially”
computed on a suitable grid of frequencies up to 50 GHz. To
this aim, an electromagnetic simulation was performed on the
basis of foundry-provided parameters and device GDSII files
[29], using the planar 3-D em Sonnet electromagnetic simulator
(submicrometer grid and quadruple precision were adopted for
better accuracy). The active slice matrix extracted
on the basis of 50-GHz -parameter measurements was then
extrapolated up to 110 GHz through a simple linear regression.
Finally, the obtained active slice models were connected with
the extrinsic passive device structure characterized by means
of an “extended” electromagnetic simulation up to 110 GHz.
The small-signal predictions presented in this paper were
obtained with the proposed model after implementation within
the Agilent ADS CAD tool6 for microwave circuit design.
Extensive experimental validation was performed. In the
following, only the results for three pHEMT geometries (i.e.,
6 30 m, 2 120 m, and 4 30 m) will be shown in
order to confirm the validity of the proposed approach. Figs. 6
and 7 show the comparison between measured and simulated
results with frequency extrapolation for two of the devices
under test biased at V and . As can be
clearly seen, the model allows for reasonably accurate predic-
tion of the dynamic linear device behavior at millimeter-wave
frequencies. It is important to observe that the model is capable
of predicting resonant-like effects totally occurring in the
extrapolated frequency range, as happens in the situation of
Fig. 8, where the -parameters are reported for the PML
6ADS, Agilent EEsof EDA release 1.3, Palo Alto, CA 2000.
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Fig. 9. Measured (symbols) and predicted through scaling and frequency
extrapolation above 50-GHz (lines) admittance parameters for a PML 2  30
m GaAs-pHEMT at Id = Idss; V ds = 3 V.
4 30 m device biased in an almost pinched-off operating
condition ( V and V).
The presented experimental results clearly exhibit the robust-
ness of the proposed distributed modeling approach and confirm
the validity of its physical assumptions. The prediction of the
sharp resonant-like device behavior in the -domain is, in fact,
a difficult task even when occurring in the characterization fre-
quency range, due to the high sensitivity to model errors. Thus,
the ability to reproduce the resonance also in the extrapolation
frequency region can only relay on the “physical” correctness in
combining the accurate electromagnetic simulation results with
the almost physically consistent linear approximation/extrapo-
lation of the internal elementary device models.
Finally, both the model features above discussed, i.e., the
ability to be correctly scaled and frequency-extrapolated, were
combined in a final validation test: the scaled active slice model
of the PML 2 30 m pHEMT in the 50-GHz frequency range,
obtained following the procedure discussed in Section III, was
extrapolated up to 110 GHz. Fig. 9 shows the corresponding
comparison with experimental data confirming that reasonable
accuracy is still achievable.
V. CONCLUSION
An empirical scalable distributed approach to the modeling
of FETs has been tested up to millimeter waves for devices
having a different number of fingers and gatewidths. The model
has also been used to accurately predict small-signal device
performance up to 110 GHz for Philips 0.2- m pHEMT de-
vices on the basis of scattering parameters measured up to only
50 GHz. The proposed frequency extrapolation method takes
advantage from the physically expected fairly smooth behavior
of the admittance parameters of a suitably defined internal ele-
mentary device, which can be easily extrapolated by means of
low-order polynomials. The model features provide very useful
information for circuit designers and for electron device engi-
neers, as they can foresee circuit/device performance with ar-
bitrary electrode metallization of the devices. Moreover, the in-
troduced methodology allows for an accurate characterization
of very high-frequency devices by means of relatively low-cost
measurement test sets.
The proposed modeling approach may represent the starting
point for the identification of a nonlinear FET model and for
the extension of the proposed approach to nonlinear MMIC
analysis based on electromagnetic simulation [20]. To this end,
mathematical black-box approaches such as those proposed in
[30]–[34] can be adopted quite easily. Otherwise, it is obviously
possible to use a suitable nonlinear equivalent-circuit structure
to model the active slices [36]. Future work will be devoted to
this subject.
APPENDIX
Here, the formulation of the system of equations to be solved
for model identification as a function of the intrinsic scattering
matrix for values of are given.
In the case , the problem to be solved assumes the form
of a nonlinear system of equation in terms of as follows:
(A1)
For the case , the problem assumes the following form:
(A2)
Finally, in the case of , we have
(A3)
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where
(A4)
In conclusion, model identification, for consists of the
solution of (A1)–(A3), respectively, for the cases .
This task can be accomplished by using one of the widely avail-
able routines for the solution of nonlinear systems [37].
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